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SUMMARY. 
This work dea ls  with the determination and descr ip t ion  of the deformation energy, which is accumulated mder  the 
surface of b r i t t l e  so l ids .  especial ly  those of o p t i c a l  g lass ,  during the f r e e  abrasive grinding process. The 
d i s t r i b u t i o n  of deformation energy densi ty  in  depth under the ground sur tace was invest igated i n  t h i s  work. 
-We ar r ived  a t  a new model f o r  the f r e e  abrasive grinding process by making use of the deformation energy dens i ty  
which was experimentally determined i n  re la t ion  to the abrasive s i z e ,  grinding r a t e  and supplied input  p e r .  
Further, the v a l i d i t y  of OUT model w a s  tented aga ins t  a series of re la t ions  between process parameters which were 
derived by other authors .  
Introduct ion 
Free abrasive gr inding of b r i t t l e  mater ia ls  is a very o ld  
manufacturing process. This process l a  extensively applied 
f o r  t h e  production of o p t i c a l  components such a s  lenses ,  
mirrors  and p r i s m s .  Further Fields of appl icat ion of the  
f r e e  abrasive grinding process a r e  the  nachining of piezo- 
e l e c t r i c  and semiconductor mater ia l s  and ceramics. 
In the past, the  f r e e  abrasiv9 grinding process has been 
in tens ive ly  invest igated but a t t e n t i o n  was mostly paid t o  
the removal of m t a r i a l  i n  r e l a t i o n  to  parameters such as 
the r e l a t i v e  speed between the workpiece and the backing 
p l a t e ,  grinding pressure.  m a n  abrasive s i z e  and t h e  car- 
r i e r  f l u i d  used. The f i n a l  surface qua l i ty ,  espec ia l ly  t h e  
roughness. was a l s o  s tudied,  but  the energe t ica l  s t a t e  of 
the mater ia l  during grinding and a f t e w a r d e  was not  signi- 
f i c a n t l y  invest igated.  Horever, it must be aseuned t h a t  i n  
the course of grinding, brittle mater ia l s  a r e  permanently 
deformed to  a depth which is f a r  grea te r  than t h e  micro- 
scopical  v i s i b l e  s t r u c t u r e  of the  ground surface.  
The f i r s t  question which arose i n  the framework of t h i s  
research was t h a t  about the magnitude and d i s t r i b u t i o n  of 
t h e  deformation energy mder the  surface.  A mthod f o r  t h e  
measurement and quantat ive determination of these values 
was developed, which guarantees a high degree of accuracy. 
The next query which a r m e  was t h a t  concerning t h e  i n t e r -  
p re ta t ion  of the obtained r e s u l t s .  A t  t h i s  s tage of our 
work it be- obvious t h a t  a new energe t ica l  d e l  of t h e  
grinding process could be appl ied.  The deformation energy 
which had been accumulated i n  t h e  surface layer  was re la -  
ted t o  the  process parameters such a s  the grinding r a t e  
and the  ac tua l  input  p e r  used for  t h e  grinding. 
Moreover there  is the  quest ion about the possible  prac t i -  
c a l  importance of t h e  r e s u l t s  For t h e  proper t ies  of the  
ground (and l a t e r  polished) o p t i c a l  surfaces .  The presence 
of the  deformation energy may not be ignored i f  t h e  s u r -  
face undergoes fur ther  treatment or is exposed to radie- 
t im of high-energy densi ty .  One example is the deposi t ion 
on the subs t ra te  of th in  f i l m  having cer ta in  d i e l e c t r i c a l  
p roper t ies ,  while another is every case where use is made 
of o p t i c a l  caaponents exposed to laser rad ia t ion  of high- 
energy densi ty .  There a r e  ind ica t ions  t h a t  damage t o  -ti- 
c a l  surfaces  by high-radiat ion d e n s i t i e s  as i n  the case of 
focussed laser rad ia t ion  is i n i t i a t e d  at  places  where re- 
s idua l  s t r e s s e s  in the surface a r e  present .  
From t h i s  point  of view a more extensive knowledge of t h e  
var ia t ion  of the surface-qual i ty  of the optical g lass  and 
s i m i l a r  m t e r i a l e  can be of p r a c t i c a l  importance. 
The determination of the gr inding stress and stress dim- 
t r i b u t i m  in depth 
In  order  to  measure stress or ig ina t ing  during t h e  grinding 
process we used the bending of a t h i n  p la te .  We make use 
of the re la t ion :  
where P(o) ........... grinding a t r e s s  
d ........... thickness  of the p l a t e  
E ........... modulus of e l a s t i c i t y  
v ........... Poisson ratio 
IC ........... N r v a t u r e  of the p l a t e  
On t h e  basis of r e l a t i o n  (1) w e  can def ine the c o n c e p t i a  
of grinding s t r e s s  as an equivalent  surface s t r e s s  having 
the same m m n t  with regard t o  the  neut ra l  plane a s  the 
stress t h a t  is ac tua l ly  present .  
The stress d i s t r i b u t i o n  i n  depth can be found by repeated- 
l y  removing th in  layers  f r a n  the ground surface and meaeu- 
r ing  the grinding stress a f t e r  every s tep .  In  this mnner  
we obtained a 80 called grinding-stress  curve, i n  which 
one a x i s  represents  the thickness  of the removed layer  of 
mater ia l  and the other  the  r e s i d u m  of the gr inding 
s t r e s s .  
I t  follows from our experiments that the  gr inding-stress  
curves conform very w e l l  with the  r e l a t i o n :  
P(C) = P(o)*exp(-z*&J ( 2 )  
where: P ( o )  ........ grinding a t r e s s  a f t e r  grinding 
F. ........ thickness  of removed layer  
I ........ slope of the grinding stress curve on 
the  semilogarithmic sca le  
The following is va l id  for  the  s t r e s s  canponent p a r a l l e l  
t o  the  surface i n  r e l a t i o n  to the depth 
( 3 )  
where p(o)  is the  maximum stress s i t u a t e d  i n  the surface.  
According to  (1) the u n k n m  values i n  t h i s  re la t ion  which 
m u s t  still  be determined a r e  t h e  thickness  d and curva- 
t u r e  K . The thickness wam measured with an accuracy of 
lo-%. The curvature K i s  calculated f ran  the in te r fe rence  
pat tern.  which a r i s e s  between t h e  polished side of the  
specimen and the  reference plane of the  Fireau in te r fe ro-  
meter. The r e l a t i v e  accuracy of measurement of the 
grinding stress amounted to  about one procent and t h e  re- 
producib i l i ty  of t h e  grinding stress was b e t t e r  than f i v e  
procent. 
The s t r e s s  present  when grinding brit t le s o l i d s  is can- 
pressive.  The gr inding stress and the  stress d i s t r i b u t i o n  
i n  depth determined by m a n s  of bending a t h i n  p l a t e  do 
not provide a canplete  ind ica t ion  of t h e  s t r e s s  f i e l d  i n  
t h e  ground mater ia l .  
During our research on grinding stress we used f l a t  round 
p l a t e s  with a diameter of 2.5*10-2m. The f i n a l  thickness 
of the specimen var ied between 5 * 1 r 4  and 1 . 5 * 1 0 - 3 m  depen- 
ding on the type of g lass  and s i z e  of abrasive.  The gr in-  
ding was executed on a grinding bench, which was especial-  
ly  designed for  research on glass  and made it possible  to 
work m d e r  exact ly  defined condi t ions.  The s l u r r y  had a 
constant volume cancentration of abrasive i n  f l u i d .  
Microscale removal of mater ia l  
In  order  to  determine the  stress dis t r ibu t icm i n  depth a 
layer  of mater ia l  in which only a part of the s t r e s s  has 
been accumulated has to  be removed without inf luencing the  
s t r e s s  residuum under the layer .  
According to  negative r e s u l t s  with chemical e tching we 
decided to  apply ion-milling. W i t h  t h i s  methcd s i n g l e  
a t m  or molecules on the surface a r e  loosened and a more 
regular  removal of mater ia l  can be expected than by chemi- 
c a l  e tching.  Confirmation of this expectation is obvious 
f ran  f igures  1.2.3,  which shw RFM-photographa of the 
ground surface of g lass  t y p  Lawn, the  same surface a f t e r  
chemical e tching and of the  same surface a f t e r  removal by 
means of ion mil l ing of a layer  having a thickness of more 
than the maximun p r o f i l e  peak height .  I t  f o l l m  from ma- 
parison of these RFM-photographs t h a t  a l y  i n  the case of 
ion-milling it is possible  t o  i n t e r p r e t  the  removal of 
mater ia l  a s  removal of a layer  with a d i s c r e t e  thickness 
over t h e  whole surface.  I t  is c l e a r  f r a n  RPI-photograph 3 
t h a t  a t  the  mst there  is a s l i g h t  rounding of the sharp 
edges of the ground surface.  However the character  of t h e  
surface s t ruc ture  remains unchanged: a f a c t  confirmed by 
roughnese measurements. 
In  order to  determine t h e  s t r e s s  d i s t r i b u t i o n  i n  depth, 
the  thickness of the  removed layer  i n  one s tep.  which was 
i n  t h e  order of a ten th  of a micranetee was maeured with 
a r e l a t i v e  accuracy of 1%. The mater ia l  removal r a t e  f r a n  
a specimen of 2.5*10-% diameter was r e l a t i v e l y  mnall, 
being about 5*1O-%/h. The thickness  of t h e  removed layer  
w a s  i n d i r e c t l y  determined by weighing. Each specimen ha- 
ving a mass of several  g r a m  was weighed 10 times with a 
standard deviat ion of 2.10-69. 
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f i g u r e  1 
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I HERASIL I 
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B K  7 
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f i g u r e  2 
W7-SiC240-wa te r  
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chemical e t c h i n g  
REM - 500x W(N7-SiC240-water 
f i g u r e  3 ion milLing 
Residual  stress i n  optical m a t e r i a l s  - 
In  o r d e r  to o b t a i n  a b a s i c  impression about  t h e  in f luence  
of m a t e r i a l  p r q x r t i e s  on t h e  g r ind ing  s t r e s s ,  13 d i f f e r -  
e n t  t ypes  of o p t i c a l  g l a s s  rlere ground under i d e n t i c a l  
c o n d i t i o n s  with a suspension of  Sic500 i n  water. 
S p e a m n ' s  r ank-co r re l a t ion  method was used to determine 
t h e  r e l a t i o n  &tween t h e  g r ind ing  stress and the m t e r i a l  
parameters. The parameters  which can d i r e c t l y  in f luence  
the gr ind ing  str%s are the module of  e l a s t i c i t y  E. t h e  
d e n s i t y  p and the  ha rdness  q. The m a t e r i a l  c o n s t a n t s  which 
w e  used were taken from the Scho t t  g l a s s  catalogue.  Fur- 
t h e r ,  correlations of t h e  r a t i o s  E/H and E / p  with the 
g r ind ing  stress were examined. The ratlo E/fl can g e n e r a l l y  
be  regarded as a measure for t h e  permanent d e f o r m t i o n  and 
the r a t i o  E / p  as a measure f o r  the v e l o c i t y  of  propagat ion 
of  e l a s t i c  waves i n  the mterials concerned. 
The c o r r e l a t i m  c o e f f i c i e n t s  and s i g n i f i c a n c e  l e v e l  of  
c o r r e l a t i o n s  between g r ind ing  s t r e s s  and the atnve-men- 
t i oned  parameters a r e  p re sen ted  i n  t a b l e  1. 
The p o s i t i v e  rank c o r r e l a t i o n  between the g r ind ing  stress 
P(o) and the d e n s i t y  p shows t h a t  t he  g r ind ing  stress in-  
c r e a s e s  with inc reas ing  d e n s i t y .  I n  t h e  c a s e  of optical 
g l a s s  the d e n s i t y  is dependent on the q u a n t i t y  of  ox ides  
added to  the S i02 ,  which in f luence  m c h a n i c a l  p r o p e r t i e s  
P(0) - E 




such a s  t h e  binding energy,  hardness  and c h a r a c t e r  of the 
permanent deformation.  
The s i g n i f i c a n t l y  l a r g e  p o s i t i v e  c o r r e l a t i o n  between t h e  
g r ind ing  s t r e s s  and t h e  r a t i o  E/H demonstrates  t h e  r e l a -  
t i o n  between t h e  g r ind ing  stress and the p e m n e n t  defor- 
mation of the ground ma tu r i a l .  
A nure extended d e s c r i p t i o n  of  c o r r e l a t i o n s  h t w e e n  the 
g r ind ing  s t r e s s  and parameters  used is p resen ted  i n  El]. 
Based on t h e  previousbf mentioned r e s u l t s ,  a number of 
types OC Scho t t  o p t i c a l  g l a s s  such as H e r a s i l  I, F7, W6. 
SF6, SF l l  and LaKN7 were chosen f o r  f u r t h e r  r e sea rch .  Mo- 
n o c r y s t a l  q u a r t z  was a l s o  included being m a t e r i a l  having 
t h e  same chemical canpos l t l on  a s  fused s i l i c a  bu t  having a 
d i f f e r e n t  s t r u c t u r e .  These above-mentioned m a t e r i a l s  were 
s e l e c t e d  i n  such a way, t h a t ,  d e s p i t e  t h e i r  d ive rgen t  ma- 
t e r i a l  p r o p e r t i e s ,  it was p o s s i b l e  to  f o l l c v  the va r ious  
l i n e s  of research r e s u l t i n g  from rank c o r r e l a t i o n s .  
The i n f luence  of  g r ind ing  p rocess  parameters on t h e  
9 r i n d i n g  stress 
W e  f i r s t  i n v e s t i g a t e d  the in f luence  of the g r ind ing  stress 
on t h e  most obvious parameters  of t h e  g r ind ing  p rocess  
such a s  the  g r ind ing  p res su re  and the r e l a t i v e  speed Se- 
tween t h e  workpiece. and backing p l a t e .  
O p t i c a l  g l a s s  types BK7 and S F l l  were chosen a s  m a t e r i a l s  
having d i s s i m i l a r  p r o p e r t i e s .  We i nves t rga t ed  the  g r ind ing  
stress using v a r l a b l e  r e l a t i v e  speeds mmbined with d i f -  
f e r i n g  g r ind ing  p res su res .  I t  follows f r a n  t h e s e  expe r i -  
ments that t h e  g r ind ing  s t r e s s  i n  the range of t h e  app l i ed  
r e l a t i v e  speeds between 0.35 m / s  and 1.2 m/s and g r ind ing  
p res su res  between 2.Of1O3N/m2 and 2.5'104N/m2 is p r a c t i -  
c a l l l y  not dependent on t h e s e  parameters .  These r e s u l t s  
a r e  ex tens ive ly  desc r ibed  i n  [l]. S i m i l a r  r e s u l t s  have al- 
ready been publ ished [21. 
Fu r the r  w e  i n v e s t i g a t e d  t h e  dependence of t h e  g r ind ing  
s t r e s s  on t h e  mean a b r a s i v e  s i z e .  During t h e s e  experiments  
t h e  o t h e r  parameters  of the g r ind ing  p rocess  were kep t  
cons t an t .  
I I  
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We have determined t h e  r e l a t i o n  between t h e  g r ind ing  
stress and the mean a b r a s i v e  s i z e  for t h e  s e r i e s  of o p t i -  
c a l  materials. We used g l a s s  t ypes  LakN7. SF11. SF6, BK7. 
KF6, F7 and H e r a s i l  I and q u a r t z  c r y s t a l ,  ground wi th  
a b r a s i v e s  SiC800, SiC500, Sic240 and Sic120 suspended i n  
water .  
I n  the case of experiments  c a r r i e d  o u t ,  which a r e  e x t e n s i -  
ve ly  desc r ibed  i n  [l], it was g e n e r a l l y  found i f  l i n e a i r  
r eg res s ion  were supp l i ed ,  a s t r a i g h t  l i n e  would be produ- 
ced when p l o t t i n g  the  g r ind ing  s t r e s s  a g a i n s t  t h e  ab ras ive  
s i z e s  between Sic800 and SiC240. Its correllation c o e f f i -  
c i e n t  would be g r e a t e r  than 0.96. An obvious d e v i a t i o n  
€ran the  s t r a i g h t  l i n e  is appa ren t  €or SiC120. 
I t  follows €run our axperiments  t h a t  the m o t o n e  cour se  
o f  the g r ind ing  stress a s  a func t ion  of  the a b r a s i v e  s i z e  
f o r  var ious types  of  glass is a succession of  an i nc rea -  
s i n g  E/H ratio. Only Herasil I and q u a r t z  c r y s t a l  do not  
conform t o  t h i s  p a t t e r n .  H e r a s i l  I h a s  a much steeper 
slope and with i n c r e a s i n g  a b r a s i v e  s i z e  a l s o  a l a r g e r  
g r ind ing  stress than  t h e  remaining types  of  g l a s s ,  and 
t h i s  d e s p i t e  a lov E/H ratio. Quar t z  monocrystal h a s  t h e  
l a r g e s t  s t r e s s  and the steepest slope. 
Grinding with decanol  a s  carrier f l u i d ,  g i v e s  l a r g e r  
g r ind ing  stresses wi th  a l l  t y p e s  of m a t e r i a l s  than 
g r ind ing  wi th  water .  
An example of  the p l o t  of  t h e  r e l a t i o n  between t h e  
g r ind ing  stress and the mean a b r a s i v e  s i z e  for g l a s s  types  
BK7. SK, Herasil I a s  well a s  quartz  monocrystal is w e -  
sented i n  f igure  4.  
Distr ibut ion of stress i n  depth  
Grinding the same mater ia l ,  but using d i f f e r i n g  abrasive 
s izes .  the canputed maximm s t r e s s  p(0) becanee smaller  
with increasing abrasive s i z e .  An obvious f a c t  seen i n  
f iaures  5-7 is t h a t  the  la roar  t h e  abrasive s i z e .  the  
*. _ _  A I 
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1a;ger the  grinding s t r e s s  w i f l  be. -ever the thickness  
of the  layer  expressed by t h e  stress depth d increases  
w i t h  increasing abrasive s i z e  f a s t e r  than d e  grinding 
s t r e s s  i tself .  Therefore p(o) calculated fran: 
p(0)  - P(0) (4 )  4;- 
shows M increase with decreasing abrasive s ize .  The ex- 
tended presentat ion of the  experimental r e s u l t s  is given 
i n  [l]. 
I t  a l s o  follows f r a n  graphs 5-7 t h a t  grinding o p t i c a l  
g lasses  with various abrasive s i z e s  and using water aa 
c a r r i e r  f l u i d  a carmon in te rsec t ion  point  of the  grinding- 
stress curves i s  obtained a t  a d i s tance  6 f r m  the ground 
surface outs ide the  specimen. Making use  of re la t ion  (2) 
and subs t i tu t ing  the s t r e s s  depth d, instead of slope u we 
obtain:  
d =-d (5)  
ps 
In P W  
Considering a coI'rrm3n in te rsec t ion  point ,  the grinding 
stress P and dis tance  5 w i l l  be independent of the abra- 
s ive  sizZ and consequently there  is an e x p l i c i t  r e l a t i o n  
between the grinding stress i n  the ground surface P ( 0 )  and 
the s t r e s s  depth d,. 
Using abrasive s i z e  SiClZO, the grinding s t r e s s  P(o) is 
more than 70% of P, and i n  the case of Sic500 the grinding 
s t r e s s  P(o) amounts to about 20% of Pa. The corresponding 
s t r e s s  depths l ie between severel  micranaters and severa l  
t en ths  of a micrometer. 
I n  experiments where dccanol was used a s  carrier f l u i d ,  
there  is no conmn point  of in te rsec t ion  [11. 
Deformation energy a s  equivalent  surface energy. 
The zone, i n  h i c h  res idua l  s t r e s s e s  a r e  found when g lass  
is being ground, reaches a depth of between a few ten ths  
and several  decades of micrometers depending on t h e  type 
of g l a s s  and abrasive s i z e .  
The f a c t  t h a t  s t r e s s e s  a r e  present  by f ree  abrasive 
grinding m a n s  t h a t  energy is accumulated under the  ground 
surface.  What is r e a l l y  masured is the  nunent of stress 
w i t h  respect  to the neut ra l  plane of the  p la te .  This r e a l  
stress is s u b s t i t u t e d  by surface stress having t h e  same 
-nt w i t h  respect  to the neut ra l  plane. 
Because of the  large dimensions of the specimen mmpared 
to the thickness of t h e  layer  i n  which  real stress is ac- 
cumulated, St .  Vanant's p r inc ip le  can be applied. I t  fol- 
lows frm this, that the e f f e c t  of the r e a l  s t r e s s  agrees 
w i t h  that of t h e  equivalent  surface stress. 
In  the same way the deformation energy which 15 a c m u -  
l a t e d  i n  the previously mentioned l a y e r  correspond9 w i t h  
the surface energy Jhich is i d e n t i c a l  w i t h  UK grinding 
s t r e s s .  
The grinding stress taken as surface stress is a fac tor  
lo3 grea ter  than the surface s t r e s s  necessary for  the for- 
ma t ion  of a new surface i n  the  case of g lass .  I n  this in- 
stance the surface s t r e s s ,  necessary for  the  formation of 
a new surface, can be neglected with respect to  the 
grinding stress. Therefore it is possible  t o  regard the 
measured surface energy i n  the form of grinding s t r e s s  as 
deformation energy. 
I f  the energy densi ty  is n w  considered vm can then f ind 
the d i s t r i b u t i o n  of the deformation energy densi ty  f r a n  
the experimentally d s t e d n e d  gr inding stress mrve. This 
d i s t r i b u t i o n  of the deEormation energy dens i ty  U ( C )  under 
the  surface can be wri t ten  as follars: 
The maximun energy densi ty  is s i t u a t e d  d i r e c t l y  under the 
sur face  and is: 
u ( ~ )  - PfQl (7) 
d s  
I f  the s i z e  of the abrasive becomes smaller  the maximvm 
deformation energy dens i ty  increases  a s  a r e s u l t  of rapid- 
ly decreasing s t r e s s  depth. In  the case of a mrallsr abra- 
s i v e  s i z e  the total energy accumulated w i l l  a l s o  be l e s s ,  
b u t  the s t r e s s  depth w i l l  decrease even f a s t e r  than the 
accumulated energy. The cumwm point  of in te rsec t ion  of 
the grinding stress curves determines the pos i t ion  of a 
Eictive surface with an energy independent of the  abrasive 
s i z e  and equal t o  t h e  mximum surface energy P . 
For t h e  mean deformation energy dens i ty  U e i  isn the ficti- 
t i o u s  layer  between the surface a t  the mrm~n point  of 
in te rsec t ion  w i t h  a surface energy ?, and t h e  ac tua l  
ground surface having a surface energy P ( o ) i ,  we a n  
vriter 
Ps - P b ) ,  
Uei ---------- ( 8 )  6 
where 6 is the  thickness  of the previously mentimed f i r  
t i t i o u a  layer .  
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Because the total accumulated deformation energy P(o) 
under the gromd surface, increases as the abrassive size 
be-s larger. it follows fran relation ( 8 )  that grinding 
with a smaller abrasive size the layer would contain more 
energy than if it were ground with a larger abrasive size. 
In our experiments deformation energy density was found 
between 1.5'108 and 9.2' 108[J/m3] depending on the mate- 
rial type and abrasive size. 
Free abrasive grinding &el. 
The miform stress field with an exponential course of 
stress in depth is a result of the action of a chain of 
stress fields C3IC11. 
These fields are created by the indentation of single 
abrasive grains in the surface and are irregularly distri- 
buted over the whole surface. 
After indentation by a single abrasive grain the mterial 
becanes permanently deformed if the stress exceeds the 
yield limit. The size and form of the deformtion zone are 
continually fitted to the state of equilibrim. By a fur- 
ther increase of the lmd, median cracks are formed under 
the surface, ensuring a continuity of the state of equili- 
brium. Accordingly as the load increases. so does the dia- 
meter of the median crack. If unloading the abrasive grain 
takes place the tmdian cracks first close without removing 
any material. After complete unlmding the material 1s 
then removed by the influence of residual stress. which 
develops in the material as a result of accumulated defor- 
mation energy. 
Our  wdel, &ich we have attempted to establish for 
grinding with water, commnly used as a carrier fluid, 
emanates fran the assmnption that removal of mterial oc- 
curs under the influence of a uniform residual Stress 
field which is caused by the accumulated deformation 
energy in the material. 
This assumption justifies the interpretation of the cummn 
point of intersection. That is to say we obtained the 
grinding stress curves by measuring the grinding stress, 
namely the mean value of the residual stress which remains 
after grinding and milling the material in the specimen. 
By the interpretation of the conmon point of intersection 
we adopt the suggestion that the grinding stress 
this point represents the highest equivalent deformation 
energy that can be accumulated in the material. 
The above-mentioned point of intersection of the grinding 
stress curves enables the position of a fictitious surface 
to be determined, which during the accumulatim of the 
deformation energy forms the boundary between the solid 
material and particles removed by grinding together with 
the abrasive. When the deformation energy attains the 
maximm admissible value the material is remved to a 
depth under the original surface where the residuun of the 
total accumulated deformation energy is decreased to a 
value which can be permanently borne by the material. 
The distance between the fictitious surface at the connon 
point of intersection and the final ground surface is in- 
dependent of the abrasive size and can be regarded as the 
thickness of an elementary layer. 
During a grinding process an input power. that is indepen- 
dent of the abrasive size, is supplied to the backing 
plate. The fictitious surface is transferred by discrete 
steps into the ground material. m e  elementary layer is 
converted, in one step, into grindings. After rermval of 
the elementary layer a residuum of accmulated deformation 
energy, which equals the grinding stress P ( o ) i .  remins 
under the surface. 
If W is the input power per unit of area of the ground 
surface that is actually used for grinding the specimen 
and V is the ~ l u m e  renuved per unit of surface area, then 
for the energy supplied to the gromd specimen during time 
T we obtain: 
w * T  = V U e i  (9) 
and it follows for the grinding rate that: 
The energy remaining mdsr the ground surface equals the 
grinding stress P(o)~. Since the deformation energy at the 
ctmmrm point of intersection equals Pa, the m a n  deforma- 
tion energy density uei in the elementary layer will be: 
The fact that the specific grinding rate decreases with 
diminishing abrasive size inplies that more energy is re- 
quired to achieve finer grindings. This can be expected 
when considered fran the point of view of the energy m n -  
srrmed. 
Because P(z). is dependent on the abrasive size, according 
to (13). S. 'will be a function of the abrasive sire and 
will becard smaller as it decreases. In an extr_eme case 
where P(oIi+ 0 we still obtain a finite value for S.: 
It is apparently caused by the assumption that in the case 
of an infinite small abrasive size a finite value is still 
awarded to the thickness of the elementary layer. 
Experimental testing of the model 
The validity of our energetical model on free abrasive 
grinding can be tested mking use of experimental results. 
According to literature [31 and our experimental results 
[l] proportionalities were found between the grinding rate 
and 
a. the relative speed vrel between specimen and backing 
b. the grinding pressure G, 
c. the mean abrasive size. 
It follows fran our experimental results [11 that the 
grinding stress P(o) is not dependent on: 
a. the relative speed v, 
b. the grinding pressure k: 
The relation for the supplied input power per unit area 
actually used for grinding can be written as: 
plate, 
W - const*G*vrel (15) 
As a result of the independence of the grinding stress 
P ( o )  on the relative speed and the grinding pressure. the 
proportionality between grinding rate S. and the relative 
speed vrel as well as the proportionalit$ between grinding 
rate S. and the grinding pressure G follow from relations 
( 1 2 )  bhd (15). By means of expansion of exp(-6/ds) in 
series and making use of the first two t e r n  we can 
rewrite relation (12) in the following form 
From our experimental results on the free abrasive 
grinding process using water as carrier, we can determine 
the independence of the supplied input power on the mean 
abrasive size as w a l l  as the proportionality between the 
stress depth d and the mean abrasive size. This implies 
that in approx%mtion the Finding rate S. according to 
the relation (16) is also proportional to h e  mean abra- 
sive size. 
The grinding rate S and the grinding stress P(o)i from 
relation (12) were nbaaured and the thickness of an ele- 
mentary layer and the critical grinding stress Ps were 
determined frao the carm~n point of intersection. m e  only 
unknown quantity in thin relation is the input power that 
is actually used for grinding the specimen. 
The total input power supplied to the backing plate which 
we masured can be split up into several -ants. In 
the first instance it is the previously mentioned input 
p e r  that is actually w e d  for grinding the specimen. The 
second canponsnt is used for remving material fran the 
backing plate and finally it is the dissipated energy 
which is mainly attributed to heat developnent. 
If we draw up a balance of various types of energy, then 
the input p e r  actually used for grinding, romputed fran 
relation (12)  satisfies our expectations. If vm rmke use 
of a glass backing plate, then the input pear is equally 
distributed between the specimen and the backing plate. 
The actual input power available for grinding specimens 
of Herasil I m u n t s  to 22% of the total input power s u p  
plied. In the c a m  of glass types BK7 and SF6 it is 24B 
and 22a respectively. The values of the measured quanti- 
ties follw fron [I]. 
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We can define the specific grinding rate 5 .  as the 
grinding rate per unit of supplied input parer: ' 
It should be emphasized here that the grinding rate g de- 
fined in this manner no longer has a dimension of hate. 
Its dimension is [m3/J] and it indicates hcm large the 
volrrme is that is removed by the supplied unit of energy. 
